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Renal membrane-bound carbonic anhydrase. Purification and proper-
ties. Microsomes from perfused human donor kidneys were separated
by differential centrifugation in sucrose, and thoroughly washed before
solubilization by the nonionic detergent nonyl-J3-D-glucoside. The
solubilized material was first applied onto an affinity chromatographic
column of acetazolamide-oxirane-Sepharose'-CL-4B to remove con-
taminating cytoplasmic carbonic anhydrase isozymes CA I and CA II.
It was then added onto an affinity column of p-aminomethylbenzene
sulfonamide coupled to CM Bio-gel AR to purify the membrane-bound
carbonic anhydrase activity. This resulted in a 50% pure enzyme. It was
then concentrated and fractionated on an anion-exchange column, and
desalted and purified to homogeneity (SDS-PAGE and isoelectric
focusing) by gel filtration. The enzyme was now purified 411-fold from
extractable membrane protein. Its molecular weight was 34.4 kDa from
gel filtration and SDS-PAGE, and 36.7 kDa from amino acid analysis.
The amino acid composition differed from that of the cytoplasmic
isozymes CA I, II, and III. Antisera, produced in rabbits against the
purified SDS-treated enzyme, reacted with native nondenatured mem-
brane enzyme protein but only weakly with CA II. Kinetically the
enzyme was similar to CA II with respect to hydrase and esterase
activities and to inhibition by various sulfonamides. Considered to-
gether, the data suggest that the human kidney contains a membrane-
bound carbonic anhydrase protein that differs from the cytoplasmic
isozymes CA I, II, and III and the secretory form (CA VI) in the saliva.
Characterization of carbonic anhydrase (CA, carbonate hy-
dro-lyase EC 4.2.1.1.) in the nephron is of considerable impor-
tance to the understanding of urinary acidification [1]. The
enzyme is found in the cytoplasm of renal tubular cells as a
high-activity (with respect to hydration of CO2 and dehydration
of H2C03) form, designated CA II. This isozyme has been
isolated and purified to homogeneity and shown to be identical
with CA II of erythrocytes [2]. Its role in the tubular cells
appears to be to provide an adequate supply of H, OH— or
HC03 by rapidly responding to perturbations of the CO2/
HC03 equilibrium in the cytosol [3]. The other cytosolic
isozymes, CA I, which is most abundant in erythrocytes, and
CA III, which is found in high amounts in red fibers of skeletal
muscle, do not seem to be present in the kidney [4]. Recently,
a secretory form of the enzyme, designated as CA VI, has been
identified in human saliva [5].
However, in addition to CA II in the cytoplasm, carbonic
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anhydrase activity has been found in isolated homogenous
preparations of microvilli and basal infoldings of renal tubular
cells [6, 7]. This activity has been shown to be associated with
a strongly membrane-bound enzyme protein which has been
purified and partially characterized [8, 9]. It has been desig-
nated provisionally as CA IV [10]. Available data suggest that
this protein is different from the cytoplasmic soluble forms of
the enzyme and that it is the type of carbonic anhydrase that is
primarily responsible for the reabsorption of bicarbonate in the
proximal tubule [11]. On reconstitution into lipid bilayer mem-
branes, it forms channels selective for small cations [121. The
physiological importance of this property, if any, remains to be
investigated.
In the present study this membrane-bound form of carbonic
anhydrase from human kidneys was isolated and further char-
acterized. The data confirm the previous finding that it is a
separate form of the enzyme.
Methods
Materials
SepharoseRCL4B, the Mono QR and Superose 12R columns
were purchased from Pharmacia Fine Chemicals (Uppsala,
Sweden). CM Bio-Gel AR was from Bio-Rad laboratories,
(Richmond, California, USA), carrier ampholytes (Ampho-
line') were from LKB-Produkter (Bromma, Sweden), and
acrylamide and bisacrylamide were obtained from E. Merck
(Darmstadt, FRG). The following were used without purifica-
tion: sulfanilamide (E. Merck), p-aminomethylbenzenesulfon-
amide (PAMBS; Bayer, Leverkusen, FRG), p-nitrophenyl ac-
etate, p-nitrophenol, papain, phenylmethylsulfonylfluoride
(PMSF; Sigma Chemical Co., St. Louis, Missouri, USA),
acetazolamide, benzolamide (2-benzenesulfonamido- 1,3,4 ,thia-
diazole-5-sulfonamide;Lederle Laboratories, Pearl River, New
York, USA), ethoxyzolamide (6-ethoxy-2-benzothiazolesul-
fonamide; Upjohn Co., Kalamazoo, Michigan, USA), Zwitter-
gentR 3-14 (N-alkylsulfobetaine; Behring Diagnostics, La Jolla,
talifornia, USA), Miranol' H2M (Miranol Co., Irvington, New
Jersey, USA), sodium dodecyl sulfate and sodium desoxy-
cholate (Merck), and Triton X-lOO (Sigma). Myoglobin, bovine
serum albumin, ovalbumin and aldolase were obtained from
Serva-Fein Biochemica (Heidelberg, FRG). Human carbonic
anhydrase isozymes CA I and CA II were prepared in our
laboratory from erythrocytes provided by the hospital Blood
Bank. All other chemicals were reagent grade.
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Preparation of renal microsomes and plasma membranes
The method of preparing microsomes was similar to that of
Jakobsson and Cinti [13]. Six human donor kidneys were used.
Immediately after removal, the kidneys were perfused first with
1,000 ml of a cold Ringer-dextran type of solution (PerfadexR,
Pharmacia, Uppsala, Sweden) and then with 1,000 ml of a 10%
invertose solution (InverdexR, Pharmacia) to which NaHCO3
had been added to pH 7.0. The kidneys were first stored at 4°C
for 24 hours and then at —70°C until they were further proc-
essed. After thawing, 0.5 cm thick slices of cortex and medulla
were cut and frozen again at —20°C. The frozen slices were
minced and gently homogenized at 0°C in three volumes of
ice-cold 0.25 M sucrose, containing 1 mM NaHCO3 and 1 mM
EDTA (Na salt). A protease inhibitor, PMSF, dissolved in
2-propanol was added to a concentration of 1 m in the
homogenate, which was then filtered through surgical gauze.
The filtrate was centrifuged at 1,475 X g for ten minutes, and the
resulting supernatant fraction was centrifuged at 25,000 X g for
ten minutes. The pellet and a 1 cm layer of the supernatant
fraction were discarded, whereupon the microsomes in the
remaining supernatant were spun down at 105,000 x g for 90
minutes. The pelleted microsomal fraction was suspended in 30
volumes of ice-cold 10 mpi Tris-HC1 buffer of pH 7.0, contain-
ing 150mM KCI and 0.1 mivt EDTA. The suspension was mixed
in the homogenizer and then again centrifuged at 105,000 X g
for 90 minutes. This washing procedure was repeated five to
seven times. The microsomes were finally suspended (1 g pellet!
10 ml) in distilled water and dialyzed against a 1 mM NaHCO3
solution overnight. Carbonic anhydrase activity was measured
after each step of the preparation. The protein content of the
dialyzed suspension was determined by the method of Lowry et
al [14].
The plasma membranes were prepared from non-frozen do-
nor kidneys, according to the method of Fitzpatrick et al [15]
with only slight modifications. These included the use of 0.25 M
sucrose containing 1 M NaHCO3, the addition of 1 mivi PMSF
and final washings as in the treatment of the microsomal
fraction.
Solubilization of the microsomes
The detergent nonyl-/3-D-glucoside was prepared by the
synthesis of a-tetraacetyl-1-bromoglucose by the method of
Lemieux [16], followed by synthesis of the /3-nonyl-derivative
according to the method of Rosevear et al [17]. It was found by
NMR analysis to be 95% pure after recrystallization in acetone;
the remaining 5% consisted of the a-isomer. The detergent (1%)
was added to the microsomes suspended in a buffer (Table 1),
whereupon sonication was started, using 20 watt power for 0.1
s, every second, for nine minutes. A Bronson Sonifier' B 15
Ultrasonic disintegrator with a stepped microtip was used. The
suspension was then centrifuged at 82,000 x g for 60 minutes at
10°C. The degree of solubilization was determined by measur-
ing the protein content and the carbonic anhydrase activity in
the supernatant after the centrifugation of the microsomal
suspension. The solubilizatiori was also followed by electron
microscopic examination. Detergents were always added to the
solutions in order to avoid precipitation of the enzyme during
the purification steps.
Table 1. Solubilization of microsomal fraction by various detergents"
Solubilized
carbonic
anhydrase
Detergent
Detergentb
conc
%
Detergent!
protein
mg/mg
Solubilized (CA)
protein activity
% of total
Triton X-100' 0.2—1 0.5—5 40—60 65—70
/3-D-nonyl-glucoside
Zwittergent 314R
1—2
1
2—6
3
50—58 92—94
74 96
Miranol H2MR 2 15 82 97
Desoxycholate 2.5 5 50 —°
SDS 0.1—2 0.5—5 >90 —°
a Solubilization of CA activity by papain digestion (Methods) was not
successful.
b Microsomes and detergent were added to a 1 msi ethanolamine
buffer with 0.1 mrs'i EDTA, pH 8.6.
Inhibits the CA activity
Attempts were also made to solubilize the enzyme by diges-
tion with papain according to the method of Turner et al [18].
Washed fractions of plasma membranes were suspended in 10
mM Tris-HC1 buffer at pH 8.1, containing 2 mg papain per 10 mg
membrane protein and 5 mtvi cysteine. The suspension was
incubated for 30 minutes at 37°C and the protease activity was
stopped by adding 6.5 mM iodoacetate. The suspension was
centrifuged at 105,000 x g for 60 minutes and the hydrase
activity of the supernatant was determined after dialysis against
the same buffer as was used in the kinetic experiments (Table
2).
Affinity chromatography of the solubilized microsoine fraction
In order to remove contaminating cytosolic isozymes, CA I
and II originating from the erythrocytes, and CA II from the
kidney, a column consisting of the sulfonamide inhibitor acet-
azolamide coupled to agarose, SepharoseRCL4B, via an oxi-
rane spacer [2], was used. According to sulfur analysis the
degree of ligand substitution was 250 mol of acetazolamide per
g SepharoseRCL4B. The capacity to bind CA I and CA II was
3 mg enzyme/mi gel. The high efficiency of this column made it
possible to use kidneys which contained relatively large
amounts of contaminating blood. However, this gel did not
adsorb the membrane-bound enzyme. For the purification of
this enzyme, PAMBS coupled to a carboxymethylated matrix
(CM Bio-gel A) by carbodiimide was used [19]. Sulfur analysis
of this gel showed that 150 imol of PAMBS was substituted per
g agarose. It was capable of binding 13.5 enzyme units, that is,
—1 g enzyme protein/mi gel, about 1,000 times less than the
column used for the cytosolic enzymes.
The procedure was to couple the acetazolamideSepharoseR
CL-4B-column (0.9 x 10 cm) in series with the PAMBS-CM
Bio-gel A column (5 x 21 cm). The solubilized membrane
fraction, to which had been added 0.6% Triton X-100 and 20mM
NaC1, was first loaded onto the acetazolamide column. All
cytoplasmic enzymes were then adsorbed and could later be
desorbed with 1 M NaCIO4 in 5 mri Hepes buffer, pH 5.0,
containing 0.1% Triton X-100. The flow was now directed to the
PAMBS column, which adsorbed the membrane-bound en-
zyme. This enzyme was eluted with 10 mM sulfanilamide in the
equilibrium buffer containing 20% ethanediol. Fractions con-
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Table 2. Kinetic parameters of human renal carbonic anhydrases
Membrane-bound
Cytosolic,Nonsolubi- Solubi-
Parameter lizeda lized" CA IIC
CO2 hydration
Specific activity 504 187 760U nmol'
KmmM 7.0 0.8 7.0 0.6 1l.8C
l0 X s' 0.4 0.25 0.2 0.05 l0.6c
[El0
Esterase activity 128 76
(p-nitrophenyl acetate)
mol. min'/mol enzyme"
Inhibition K1
Sulfanilamide MAl 9.9 1.6 6.4'
Acetazolamide ni 35 7.41 16C
PAMBS i 13.4 1.1
Ethoxyzolamide nM 1.7 0.19
Benzolamide nM 0.5 0.04
NaCImM >150 >200
Electrometnc method: The assay mixture contained 15 m sodium
phosphate buffer, pH 7.0, 37.5 mri Na2SO4, 750 M EDTA, 0.01%
bovine serum albumin, and 3.8—17 mri C02, 0 0.1°C. The conditions
for the assay of esterase activities are described in the Methods section.
The parameters are given with their mean SD.
a Consisted of washed and dialyzed (against 1 mri NaHCO3) plasma
membranes, containing 5 mg protein/mi and 35 U/mg proteinb Solubilized microsomal enzyme purified by affinity chromatogra-
phy. Triton X-l00, 0.05%, was added to avoid precipitation of the
hydrophobic enzyme.
'These data for CO2 hydration and inhibition were collected by a
stopped-flow technique, at pH 7.1 and 37°C [3]d The value for CA I was 11 mol min '/mol enzyme
taming enzyme activity (10 ml) were pooled and first dialyzed
against five changes of 5 liters of 30 mM ammonium acetate
buffer, pH 7.0 or pH 5.6 (one time), containing 0.015% Triton
X-l00 and 50 EDTA, and then against the same buffer
containing 5 m Tris, pH 8.2, and 20% ethanediol. Finally, 10%
(wt/vol) 2-propanol was added to the dialysate to further
stabilize the enzyme activity.
The buffer changes and the reduction of pH were done in
order to remove sulfanilamide. The dialysate was kept stored at
—20°C. The disadvantage of this purification step was the large
elution volumes.
Ion-exchange chromatography on Mono Q
Fast protein liquid chromatography (FPLC) with a strong
anion exchange column, (Mono Q, type HR 5/5) was used to
concentrate and further purify the material from the affinity
columns. The system was operated according to manuals pro-
vided by the manufacturer. Fractions were eluted by a straight
sodium trichloroacetate (NaTCA) gradient from 0.05 to 1 M.
This was relatively time-consuming and generated only small
amounts of material (details are given in Fig. 1). The Mono Q
column was therefore loaded instead with several 50 ml batches
of dialyzed material from the affinity column. After each batch,
the Mono Q column was washed with 10 ml of buffer, contain-
ing 50 mM NaTCA. The column was then eluted isocratically
with 50mM NaTCA, whereby most of the Triton X-l00 and part
of the contaminating proteins were eluted. The enzyme activity
was then eluted with 1 M NaTCA. The eluate containing
enzyme activity was concentrated by freeze-drying. The freeze-
dried material was dissolved in 3% SDS containing 1 M /3-
mercaptoethanol at 50 to 60°C for one hour.
Gel filtration
The fractions with the highest specific enzyme activity at ion
exchange chromatography were taken for gel filtration on a
cross-linked agarose medium, using a Superosek 12 prepacked
HR 10/30 column in the FPLC system. Details are given in
Figure 2.
Sodium dodecyl sulfate gel electrophoresis
SDS-gel electrophoresis with a sulfate-borate discontinuous
buffer system (running pH 9.5), and a silver staining procedure
was used. Calculations of molecular weights from relative
mobilities were performed as described by Neville [201. The
marker proteins used are listed in the legend to Figure 2.
Isoelectric focusing
This was done in tubes according to the procedure of Con-
way-Jacobs and Lewin [21]. The pH range was 3.5 to 9.5,
obtained by mixing carrier ampholytes in poly-acrylamide gels.
Focusing was performed by a stepwise increase of the voltage
to give a power per tube not exceeding 200 milliwatt. Equilib-
rium was achieved after 5,100 volt hours at 22°C. The gel was
stained with silver. The pH gradient was determined on a blank
gel sliced in 0.5 cm pieces, which were eluted; the pH was then
measured on the eluate. CA I and CA II with isoelectric values
of 6.6 and 7.3 [22], respectively, were used as standard pro-
teins.
Characterization of enzyme activity and inhibition
The hydrase activity at 0°C against carbon dioxide was
determined by an electrometric method [6], where pH changes
in the reaction mixture were monitored by means of a glass
electrode. The decrease in pH after the addition of CO2 to the
reaction mixture was measured as a function of time. The initial
pH was 7.0 and the change in pH was less than 0.01 pH unit.
The composition of the reaction mixture (4.0 ml) is given in the
legend to Table 2. The rate of hydration was deduced from the
rate of generation of hydrogen ions. The addition of hydrogen
ions to the reaction mixture was related to changes in pH by
direct titration of the assay medium with standard H2S04. The
enzyme activities in the chromatographic fractions were ex-
pressed as units per mg protein, where one unit is the amount of
enzyme that doubles the rate of the uncatalyzed reaction, when
using 3.8 mrvi CO2. One unit (U) in this method corresponds
approximately to 40 ng of pure CA II.
In the kinetic characterization of the membrane-bound en-
zyme activity, each set of Michaelis-Menten parameters was
determined with one enzyme buffer solution and five different
substrate concentrations. The molar concentration of the puri-
fied enzyme or of the enzyme in the membranes was titrated by
use of either of the strong (K, = nM) noncompetitive inhibitors
ethoxyzolamide (of high lipid solubility), or benzolamide (of
low lipid solubility). It was assumed that one molecule of
enzyme binds one molecule of inhibitor [22]. This titration
yields, when data are plotted according to the method of Easson
and Stedman [23], also the dissociation constant (K,) of the
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Fig. 1. Fractionation by FPLC anion
exchange chromatography of partially purified
membrane-bound carbonic anhydrase. The
Mono Q column was loaded with 38 ml of
dialyzed material (containing 6.2 U/ml of
carbonic anhydrase activity) from the affinity
column. Buffer (A) is 10 m Tris-HCI, 20%
(wt/vol) ethanediol, 16% (wt/vol) 2-propanol,
2% betain, 0.075% Zwittergent 3-14', 50 M
EDTA, pH 7.4. Buffer B is 1 M sodium
trichioroacetate in buffer A. A gradient of 5—
100% buffer B in buffer A was used at a flow
rate of 1.0 ml per minute. Absorbance at 280
nm, and hydrase activities were monitored.
Fractions of 0.5 ml were collected.
Fig. 2. Fractionation by gel filtration of
partially purified membrane-bound carbonic
anhydrase. The SuperoseR 12 column was
loaded with 0.45 ml of fraction 22 from the
ion exchange chromatography (Fig. 1). It
contained 325 m sodium trichloroacetate
acid and 90 U/mI carbonic anhydrase activity
in buffer A; the composition is given in the
legend to Fig. 1. The flow rate was 0.25 ml!
mm and the fraction volume 0.5 ml. The
filtration marker proteins were: I = Dextran
blueR, II = bovine serum albumin, III =
ovalbumin, IV = CA II, V = myoglobin (VI
25 Na2SO4) marked with arrows from the left.Absorbance at 280 nm and hydrase activities
were monitored.
LKB 4151 alpha plus automatic amino acid analyzer. Protein
samples were hydrolyzed in 6 M HC1 at 110°C for 24 hours.
Half-cysteine and methionine were measured as cysteic acid
and methionine sulfone, respectively, after performic acid
oxidation.
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enzyme inhibitor complex. Other representative sulfonamide
inhibitors were also tested (Table 2). In this case the data were
instead plotted according to the graphical method of Dixon [241,
which gave straight lines for these inhibitors.
Esterase activities of CA I, CA II and nonsolubilized plasma
membranes were measured at 25°C in 27 m sodium phosphate
buffer at pH 7.5 (membranes), or pH 7.2 (CA I and CA II), as
described by Verpoorte, Mehta and Edsall [25], using 1 mM
p-nitrophenyl acetate as substrate. The hydrolysis of this ester
was followed spectrophotometrically by monitoring the in-
crease in absorbance at 348 nm. The activity was completely
inhibited by the addition of 1 M of ethoxyzolamide. Correction
for hydrolysis in the absence of enzyme was made.
Amino acid analysis
This analysis was performed by ion exchange chromatogra-
phy according to the method of Moore and Stein [261 on an
I I
11IIh1
20
Sequence determination
A gas-liquid solid phase sequencer (model 470A, Applied
Biosystems) was used to analyze the SDS-denatured enzyme.
Immunochemical methods
Antisera were produced in rabbits after deposition of the
purified membrane-bound enzyme, attached onto strips (2 x 2
mm) of nylon membranes (Pall Biodyne A, Pall Corp. Glen
Cove, New York, USA), under the capsule of the spleen of
anesthetized rabbits, according to the procedure of Nilsson et al
'Its 
'It 
$ 
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[27]. A priming dose and two booster doses of 0.5 to 1 tg of
enzyme protein were given three weeks apart. Serum was
harvested from the ear artery before the immunization, and
about two weeks after each dose. It was tested against the
purified enzyme by the standard procedure of an enzyme-linked
immunosorbent assay (ELISA) [28]. The ELISA plates were
precoated with membrane-bound enzyme in fractions from the
affinity column, or with CA I, II or 111. The test sera and the
pre-immunization sera were added to the wells in dilutions in
phosphate-buffered saline. Anti-enzyme antibodies were de-
tected by a protein A (Staphylococcus aureus) alkaline phos-
phatase conjugate (Immune System AB, Uppsala, Sweden).
After the substrate reaction, plates were read in a Titertech
Multiskan' photometer. A serum was considered positive if it
gave an A405 of 0.1 or more above background. The plates were
developed for 30 minutes at room temperature.
Results
Table 3. Purification of renal membrane-bound carbonic anhydrase
Total Total
enzyme extractable Specific
activity protein activity Yield
Fraction units g units/mg %
Homogenate of 624 g 1.82 X 106 102 17.8 —
of cortex and
medulla
Washed microsomes 47,168 1.417 33.3 100
Alkylgiucoside extract 43,866 0.765 57.3 93
of washed
microsomes
Sulfonamide affinity 18,133 —0.001 1,833 35
column
Anionic exchange 2,005 — — 4.3
column
Gel filtration 1,480 58 x 10—6 5,100 3.1
Enzyme purification
Solubilization. The use of buffers with a relatively high pH (8
to 9) containing detergent and either ethanediol (20%) and
2-propanol (10%), fully preserved the enzyme activity during
the purification and storage.
Several different types of detergents were tried for solubili-
zation (Table 1). Of these, the nonionic nonyl-/3-D-glucoside
with a high critical micelle concentration (6.3 mM) was chosen
because it enriched and solubilized more enzyme activity than
the other detergents without inhibiting it. Triton X-l00 was used
here in the affinity chromatographic procedure with the purpose
of keeping the enzyme in solution. However, during ion ex-
change chromatography and gel filtration, Triton X- 100 was
exchanged for the amphoteric detergent Zwittergent' 3-14 for
the reason that this detergent does not adsorb at 280 nm and has
no inhibitory effect on the enzyme.
Papain digestion was tried in order to see whether this could
release an active enzyme from a hydrophobic part, presumably
anchored within the membrane. However, papain did not
solubilize any enzyme activity.
Ion exchange chromatography and gel filtration, There was
no problem in constructing affinity columns for the removal of
contaminating soluble cytosolic enzymes. On the other hand, it
was difficult to make an efficient column for the purification of
the membrane-bound enzyme, mainly because of unspecific
binding and a low capacity. Different types of columns were
prepared and tested. They had various ligands, that is inhibitory
sulfonamides, spacers (hydrophilic and hydrophobic of various
lengths) and matrices (agarose and cellulose). With the column
finally chosen, 50% purification of the membrane-bound en-
zyme was obtained (Table 3). The material thus purified exhib-
ited one major band at 34 kDa and several minor bands in the
SDS-PAGE analysis (not shown). This necessitated further
purification by ion exchange chromatography and gel filtration.
On ion exchange chromatography with the Mono Qcolumn
(Fig. 1), the material from the affinity column was concentrated
and further purified. Unfortunately this procedure resulted in
loss of enzyme protein (Table 3). On SDS-PAGE analysis (not
shown) the purified material exhibited one major band at 34 kDa
and three minor bands at 20, 46, and 68 kDa. The fraction from
the Mono Q column with the highest specific activity (no. 22 in
Fig. 3. SDS-polyacrylamide gel electrophoresis of nondenatured puri-
fied membrane-bound carbonic anhydrase. Lane 1 = pooled fractions
nos 8 and 9 from gel filtration (Fig. 2), 0.1 ml containing 2 U. Lane 2:
reference proteins, 0.2 tg of albumin, ovalbumin, aldolase, CA II, and
myoglobin with arrows from the top. Small arrows are artifacts.
Fig. 1) was therefore taken for gel filtration, which resulted in
fractions (Fig. 2) with high specific activity. This purified
material gave only one single band at 34 kDa in the SDS-PAGE
analysis (Fig. 3). The purification was now 411-fold from
washed microsomes (Table 3). By this method 2 jsg of purified
enzyme was obtained. This was taken for amino acid analysis.
The procedure of batchwise loading of the Mono Q column,
and isocratic elution, resulted in relatively large amounts of
partially purified enzyme. The material was concentrated by
10
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Fig. 5. Isoelectric focusing of purified human renal membrane-bound
carbonic anhydrase. Focusing gels were made up of 7.5% polyacryl-
amide and ampholytes ranging in pH from 3.5 to 9.5. Tube 1: mem-
brane-bound enzyme, CA IV, 1 tg. Tube 2: mixture of CA IV, and CA
I and CA II, 1 g of each. Tube 3: CA I, 1 g. Tube 4: CA II, 1 g.
Fig. 4. SDS-polyac,ylamide gel electrophoresis of SDS-denatured pu-
rifled membrane-bound carbonic anhydrase. Lane 1: reference proteins
as in Fig. 3, 0.2 g of each (large arrows), Small arrows indicate
artifacts. Lane 2: fraction from gel filtration, 0.5 sg protein.
freeze-drying and treated with SDS and /3-mercaptoethanol, as
described in Methods. Gel filtration of this SDS-denatured
enzyme yielded fractions which gave one single band at 34.4
kDa (Fig. 4) on SDS-PAGE analysis. By this procedure 58 g of
highly purified SDS-denatured enzyme was obtained. This was
taken for analysis of its amino acid composition and sequence,
isoelectric focusing, and for immunization of rabbits.
Characterization of the enzyme
SDS polyacrylamide gel electrophoresis gave one distinct
band each for the nondenatured (Fig. 3) and SDS-denatured
material (Fig. 4), corresponding to a molecular weight of 34.4
kDa for both forms. Straight lines were obtained when the
relative mobilities of the marker proteins were plotted against
the logarithms of their molecular weights.
Isoelectric focusing of the SDS-denatured enzyme in tube
gels gave one band at pH 7.05 (lane 1, Fig. 5). The bands of CA
I (lane 3) and CA II (lane 4) at pH 7.0 and 7.3, respectively,
correspond to the p1 values of these isozymes under nondena-
turing conditions [22]. The diffuse band pattern for CA I and CA
II is suggestive of degraded or deamidated products [21.
Ge/filtration. The selectivity curves (not shown) as produced
by plotting the distribution coefficients, Kd, of the marker
proteins against the logarithms of their molecular weights,
showed an estimated molecular weight of 34.3 kDa for the
purified denatured membrane-bound carbonic anhydrase.
Amino acid composition and sequence. As seen in Table 4,
the composition of the membrane-bound enzyme differs from
that of the cytoplasmic enzymes CA I, H and III. It contains
less proline, lysine and aspartic acid but more glutamic acid,
methionine, arginine and glycine than CA II. It also contains
considerably more cysteine. Sequence determination was not
possible, since the amino terminal was blocked and the small
amounts of enzyme protein available did not allow further
analysis. It is known from previous studies [29] that the
s-amino groups of CA I and CA II are acetylated.
Antigenic properties. An antibody response in the rabbit
serum after intrasplenic immunization with the SDS-denatured
enzyme material was detected after the second booster dose in
one out of three rabbits. In the ELISA system this antiserum
(diluted 1: 10 to 1:300) reacted with the non-denatured enzyme
but only weakly with CA II, and not at all with CA I and CA III.
Kinetic properties of the solubilized and nonsolubilized en-
zyme. The Easson-Stedman determination of the enzyme con-
centrations in the affinity purified microsomes and in the
washed intact plasma membranes, is seen in Figure 6. The value
obtained from the purified microsomal enzyme was consistent
with the more precise measure of the enzyme protein concen-
tration from the amino acid analysis. These values on enzyme
concentrations were used to calculate the specific activities
(Table 2). Solubilization seemed to reduce the activity slightly.
The activity of the nonsolubilized membranes was found to be
similar to that of CA II.
The Lineweaver-Burk plots for CO2 hydration by the micro-
somal purified enzyme and the enzyme of nonsolubilized
plasma membranes, are seen in Figure 7. Table 2 gives the Km
and the turnover numbers, kat for these enzymes, and com-
pares the data with the kinetic data of human renal cytosolic CA
II. The value for enzyme concentration, [E]0 used to calculate
kcat, was obtained from the Easson-Stedman plots. Again, the
CO2 hydration activity, expressed as kçat, of the purified
microsomal enzyme was slightly lower than that of the intact
856 Wistrand and Knuuttila: Renal membrane-bound carbonic anhydrase
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100 x mole fraction
Membrane-bound Cytoplasmic enzymes
enzyme
CA IV CA I CA II CA III
Amino acid 34.4 kDab 28.85 kDa 29.3 kDa 29.5 kDa
Lysine 5.7 7.0 9.3 7.4
Histidine 2.3 4.4 4.7 5.1
Arginine 4.5 2.9 2.9 5.3
Aspartic acid 7.4 11.8 11.4 11.2
Threonine 4.2 5.4 4.6 4.4
Serine 9.2 10.7 6.9 6.3
Glutamic acid 11.9 7.8 10.0 7.9
Proline 5.1 6.8 6.3 9.2
Glycine 16.5 6.1 8.7 7.2
Alanine 7.1 7.0 5.3 5.5
Valine 5.4 6.5 5.3 5.2
Methionine 1.7 0.8 0.4 1.3
Isoleucine 2.9 2.8 2.7 4.2
Leucine 7.1 8.1 9.6 9.3
Tyrosine 2.4 3.0 3.0 3.1
Phenylalanine 2.9 4.0 4.5 4.6
Tryptophan — — 2.5 2.7
Cysteic acid 3.7 — 0.2 —
Glucosamine — — — —
Galactosamine — — — —
a Data for mole fractions for CA IV are the means from two runs on
the SDS-denatured enzyme preparation using 24 hr hydrolysis. Similar
values were obtained from the analysis of the small amounts of purified
nondenatured material. HaIf-cysteine and methionine were measured as
cysteic acid and methionine sulfone, respectively, after performic acid
oxidation. Values for threonine and serine were obtained by extrapo-
lation to zero-hour hydrolysis. Data on CA I and CA II are from
Wistrand et al [2] and are values of one 24-hr hydrolysis. Data for CA
III are recent data from one 72-hr hydrolysis obtained from our
laboratory (unpublished).b From SDS-PAGE and gel filtration. Calculation of the mol wt from
the amino acid composition gave a value of 36.7 kDa.
plasma membranes, but the Km values were the same. The Km
and k0at for the membrane-bound form was similar to that of CA
II, when consideration was paid [30] to the difference in
temperature (0° and 37°) at which the data were obtained.
Table 2 also gives K values of various sulfonamide inhibitors
against the solubilized microsomal enzyme and the enzyme of
nonsolubilized plasma membranes. The corresponding values
for CA II are also given for comparison. The solubilized and
nonsolubilized forms of the enzyme were equally sensitive to
inhibition by these sulfonamides, and appeared to be slightly
more resistant than CA II, but not to the extent (3- to 13-fold) as
previously reported for these inhibitors against the same type of
enzymes of rat [6] and dog [7] kidneys. Chloride was not
inhibitory against either of the membrane-bound or cytosolic
enzyme.
The esterase activity of the nonsolubilized membranes
against p-nitrophenyl acetate was similar to that of CA II and
higher than that of CA I (Table 2).
Overall, these data therefore indicate that the membrane-
bound enzyme is a high-activity (with respect to CO2 hydration)
type of isozyme, which is kinetically similar to CA II.
Discussion
The isolation and identification of the renal membrane-bound
carbonic anhydrase has proven to be a difficult task. Previous
1—i
Fig. 6. Easson-Stedman plots for inhibition of human renal mem-
brane-bound carbonic anhydrase. Enzyme and inhibitor were incu-
bated for 5 minutes in the reaction mixture (Table 2) before the reaction
was started by adding 3.8 mi CO2. A. Washed, non-solubilized plasma
membranes, 1.3 U vs. ethoxyzolamide. B. Affinity-purified enzyme, 1 U
vs. benzolamide. I = inhibitor concentration, i = fractional inhibition.
1/C02, mM'
Fig. 7. Lineweaver-Burk plot of initial enzymic rates vs. CO2 concen-
trations for human renal membrane-bound carbonic anhydrase. The
composition of the reaction mixture is given in Table 2. The Km and
Vmax values were determined by a least-squares analysis of the data.
The enzyme concentrations [El0 were obtained by active site titration
with ethoxyzolamide or benzolamide (Fig. 6). A. Washed, nonsolubi-
lized plasma membranes, 1.8 U. B. Affinity-purified microsomal en-
zyme, 1.0 U.
attempts [8, 9] have yielded purified material with unstable
enzyme activity. However, by selection—often by trial and
error—of proper buffer solutions and detergents, the activity of
the enzyme could be preserved to a large extent throughout the
rather elaborate purification procedures. We found it difficult to
obtain pure plasma membranes from the frozen kidneys avail-
able to us, and therefore purified the enzyme from the micro-
somal fraction. However, a small number of plasma membranes
could be isolated from non-frozen kidneys. These membranes
were found to contain carbonic anhydrase activity, kinetically
similar to that of the solubilized microsomal fraction (Table 2).
We therefore assume that the microsomal fraction and the
plasma membranes contain the same type of enzyme. We have
previously shown [6] that the brush-border and basolateral
Table 4. Human carbonic anhydrase: Comparison of the amino acid
compositions of the renal membrane-bound microsomal enzyme CA
IV and the cytoplasmic isoenzymes CA I, II and 111°
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membranes of renal tubular cells in the rat have the same type
of carbonic anhydrase activity.
The membrane-bound enzyme is kinetically similar to that of
the cytosolic CA II with respect to Km, its turnover numbers for
C02, and its esterase activity (Table 2). Moreover, it resembles
CA II in its high susceptibility to inhibition by sulfonamides and
its resistance to inhibition by chloride. In other respects,
however, the membrane-bound enzyme differs distinctly from
CA II and the other cytosolic isozymes CA I and CA III, and
also from the salivary secretory enzyme CA VI [51. It is an
integral hydrophobic membrane protein with a different amino
acid composition and molecular weight and with different
immunochemical reactivity and chromatographic and isofocus-
ing behavior. Moreover, in contrast to CA I and CA II it forms
ionic channels when incorporated into lipid bilayer membranes
[121.
Membrane-associated carbonic anhydrase proteins have
been isolated from rat brain myelin (molecular wt = 30,000 [31])
and bovine lung—probably from the capillary endothelium
(molecular wt = 42,000 [101). Whether the membranes of
different tissues have the same type of carbonic anhydrase
isozyme remains to be investigated.
All the membrane-bound forms known hitherto are antigeni-
cally different from the cytoplasmic forms [321. This lack of
antigenic similarity has been substantiated by immunohisto-
chemical studies of the human kidney [33], in which it was
found that membranes of proximal and convoluted tubules were
not stained by the antisera against CA II or CA I even though
histochemical staining by the cobalt-phosphate method had
indicated the presence of high carbonic anhydrase activity in
these membranes. It will therefore be interesting to see whether
the antiserum against the membrane-bound enzyme can be used
to localize this type of enzyme in various types of tubular cells
and in other secretory epithelia.
A role of the membrane-bound renal carbonic anhydrase was
envisaged three decades ago by Berliner [34], who suggested
that there was a need for carbonic anhydrase activity on the
luminal, outer side of the proximal tubule in order to catalyze
the dehydration of luminal carbonic acid, which is formed
through the titration of filtered bicarbonate ions by the secreted
hydrogen ions. Experimental support for this hypothesis was
first provided in 1965 by Rector and associates [35]. Pitts and
Alexander [36] had proposed in 1945 that the role of the
cytoplasmic enzyme was to facilitate the secretion of the
hydrogen ions. Both the membrane-bound enzyme and the
cytosolic enzyme were therefore believed at an early date to be
involved in the proximal tubular reabsorption of bicarbonate in
the form of CO2. although in different ways. In an attempt to
determine the relative physiological role of each type of the
enzyme, membrane-impermeable dextran-bound inhibitors
were constructed [371. In micropuncture studies, Lucci et al
[11] found that after addition of such inhibitors to the lumen of
proximal tubules, which would inhibit the membrane-bound
enzyme but not the intracellular CA II, the reabsorption of
bicarbonate was reduced by 80%. This demonstrates that the
membrane-bound carbonic anhydrase is the physiologically
important form of the enzyme in bicarbonate reabsorption. On
the other hand, Sly and coworkers [38] have reported that
patients with osteopetrosis with renal tubular acidosis and
cerebral calcification lack CA II in their erythrocytes and show
a reduced level of secretory carbonic anhydrase CA VI in the
saliva [5]. They suggest that a deficiency of CA II in the kidney
might explain the renal tubular acidosis observed in these
patients. However, if the membrane-bound enzyme were ge-
netically related to CA II, a lack or dysfunction of this enzyme
could equally well be the cause of this disease, particularly in
view of its probable major role in bicarbonate reabsorption. The
problem with these hypotheses of a lack of either CA II or the
membrane-bound enzyme is that these patients exhibit a normal
renal response to acetazolamide, an inhibitor which inhibits
both forms of the enzyme [391. Biochemical studies of the two
types of carbonic anhydrase in the kidneys of patients with this
condition are apparently needed to clarify this issue. Unfortu-
nately, the amounts of purified membrane-bound enzyme avail-
able were not sufficient to determine the amino acid sequence,
which would have facilitated a molecular comparison with CA
II. However, a fuller understanding of the genetic deficiency of
these patients with respect to the isozymes of carbonic anhy-
drase will require an investigation of their genes at the DNA
level.
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